Conductivity is dominated by n-type charge carriers in reducing conditions, as confirmed by the observance of a -1/4 power-law dependency for pO 2 ≤ ~10 -8 atm. The activation energy of the title phase in the n-type region measured in 10% H 2 :90% N 2 is 0.96 eV. In dry oxidising atmospheres, p-type charge carriers predominate (E a = 1.42 eV) with the p-n transition occurring at pO 2 ~ 10 -4 atm.
Introduction
Perovskites (ABO 3 ) which are formed by hexagonal close packing (hcp) of the AO 3 layers, as opposed to the more common cubic close packing (ccp), are characterised by face-sharing octahedra with the B cations in close proximity [1] .
Different stacking combinations of ccp and hcp layers lead to a rich structural complexity allied to a number of interesting and useful properties involving electric, dielectric and magnetic phenomena [2, 3, 4, 5 The 12R-type hexagonal perovskite Sr 3 describe the unit-cell symmetry. 6, 7] . The SrO-Nb 2 O 5 -La 2 O 3 system has also given rise to a number of proton-conducting oxides, such as Sr 3 (Sr 1+x Nb 2-x )O 9-3x/2 [8] , and the more recently discovered La(Sr)NbO 4-δ phase [9] . The low electronegativity (high basicity) of the constituent cations in this system would seem to favour the protonation of lattice oxygen as a determining step in the hydration of oxygen vacancies and the subsequent appearance of proton transport [10 Proton conduction in oxide materials is exploitable in high-temperature electrochemical devices such as solid oxide fuel cells (SOFCs) and ceramic hydrogenpermeation membranes, which are at the forefront of research efforts to find highly efficient and environmentally friendly energy-conversion technologies based on sustainable resources. Although the most studied and commercially viable electrolytes for SOFCs involve an oxide-ion conducting material with a typical operation temperature above 800 °C, development of a suitable proton-conducting electrolyte with a potentially lower operation temperature (500-700 °C) would be of particular interest [ ].
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Here, we have undertaken an electrical-transport study of the Sr 3 LaNb 3 O 12 hexagonal perovskite, paying particular attention to previously unobserved protonic transport. Structural details and the effects of small amounts of acceptor dopant on the electrical conductivity are also provided. 1 H magic angle spinning nuclear magnetic
]. This temperature range avoids the technological problems and cost associated with the higher working temperatures of contemporary SOFCs, yet also alleviates the catalyst and fuel problems related with the low operating temperature of the polymeric proton-conducting devices.
resonance spectroscopy ( 1 H MAS-NMR) has been used to investigate protonic species present in the as-prepared and hydrated materials.
Experimental
Compositions The second method was employed to assess the effects of any contamination introduced by attrition milling. Final firing of samples in the form of powders or pressed pellets took place in the range 1400-1500 °C for up to 36 hours; typical sintered pellet dimensions used in electrical measurements were ~ 0.8 cm in diameter and ~ 0.2 cm in thickness. Completeness of reaction and phase purity were confirmed by powder X-ray diffraction (XRD) with a Siemens D5000 diffractometer using Cu Kα radiation.
For Rietveld refinement of the crystal structure, powder neutron-diffraction data were collected on the D1A instrument (Grenoble) over the range 10 ≤ 2θ ≤ 160°.
Structural models were refined with the Fullprof program [12 The densities of sintered pellets were measured by the Archimedes method on displacement of water to be > 94% of the theoretical values. Porous pellets were also prepared for the purpose of measuring the pO 2 dependence of conductivity at 900 °C, and for certain measurements in reducing conditions where stabilisation with the atmosphere was found to be sluggish. For these samples, a porosity correction was made based on Archie's law [
]. The microstructure of fracture surfaces and polished surfaces which had previously been thermally etched at 1450 °C were analysed by scanning electron microscopy (SEM) with a Zeiss DSM400 instrument. σ is the intrinsic bulk conductivity, P is the porosity of the sample and m is a constant based on geometric considerations (m ~ 2). For electrical-conductivity measurements, the pellets were lightly polished with SiC paper then coated with Au paste and fired at 900°C for 1 hour in air to remove the organic content, harden the Au and attach it to the pellet faces. Impedance spectroscopy was performed employing a signal amplitude of 300 mV in potentiostatic mode with either an Autolab PGStat302N instrument operating over the frequency range 1 ≤ f ≤ by fitting the data to appropriate equivalent circuits in order to resolve the impedance response into bulk, grain-boundary and electrode contributions.
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1 H MAS-NMR spectra were obtained in an AVANCE 400 Bruker spectrometer, at 400.13 MHz (9.4 T magnetic field) on as-prepared samples and material which had been treated at 600 °C in humidified Ar for 12 hours. MAS-NMR signals were recorded after irradiation of samples with π/2 pulses (4μs), using a frequency filter of 100 kHz.
The spinning rate was 10 kHz. The recycling time used between successive experiments was 5s and the number of accumulations amounted to 100. The probe signal was ].
The porous pellet was employed to enhance the equilibration times with the gas ambient. The cell was firstly equilibrated in dry 10% H 2 :90% N 2 over a period of 2 days until the sample resistance had stabilised; the gas flow was then switched off and the chamber allowed to equilibrate over several days with the outside air. The pO 2 was measured in intervals of 20 minutes or longer with an yttrium-stabilised zirconia sensor situated adjacent to the sample, and attached to an external voltmeter with Pt electrodes.
subtracted from those of analysed samples after the Fourier mathematical conversion to eliminate the background signal. The Winfit (Bruker) software was used for quantitative analysis.
Results and discussion

Phase Formation and Crystal Structure
The XRD powder patterns of were conducted [7] . The two space groups are barely distinguishable by XRD since the symmetry is determined by subtle movements of the oxygen atoms. It was reported that the lower symmetry space group 3 R leads to an improved refinement [7] .
Similarly, here, refinement of Sr 3 LaNb 3 O 12 was more successfully performed in space group 3 R rather than in m 3 R . The refined structural parameters are listed in Table 1 , and bond lengths and angles in Table 2 ]. Nevertheless, refining the occupancy of the A1 site with fixed, common thermal vibration factors for the A-cation sites led to a slightly higher Sr content, as suggested by the greater thermal vibration factor of the A1 site in comparison to that of A2, in spite of the heavier average cation content ( Table   1 ). The extent of Sr over-stoichiometry on the A1 site is likely to be minor and was not readily proved from the performed sequence of refinements; nevertheless, such a phenomenon may have important effects on properties.
The bond-valence concept can be used to provide an indication of the correctness of the structure solution and to estimate the valence state of atoms. The valence of the atom is the sum of the individual bond valences surrounding the atom, which are in turn estimated from the calculated and "ideal" bond lengths [21 21 ]. The bond valence values for each cation and anion calculated with the Bond-Str program using parameters given in Ref.
[ ] are shown in Table 3 ; for the mixed Sr/La cation site, the average bond valence has been calculated. The deviation from the valence sum rule is < 13% for all ions, supporting the correctness of the structural model. We note that the calculated valences of the oxygens are less than and greater than the formal valence of -2 for O(1) and O(2) species, respectively. This will be discussed in greater detail in section 3.3.
Aliovalent doping of metal oxides is well known to have a profound impact on defect chemistry and electrical transport. In the case of substitution with a lowervalence cation (so-called acceptor doping), charge compensation involves the creation of one or more type of positively-charged defect involving mixed-valence states, cation interstitials, oxide-ion vacancies, or protons when the vacancies become hydrated.
Solid-solution formation with Ti and Zr dopants on the Nb site in the title phase was explored, principally in this paper to examine the effects of these acceptor dopants on electrical properties in wet and dry oxidising conditions. Compositions were prepared for Sr 3 LaNb 3-x M x O 12-δ in a low dopant-content range of 0 ≤ x ≤ 0.1. In th e case of Ti, single-phase material was obtained by XRD for compositions throughout the examined series. Scanning electron micrographs, such as that shown in Fig. 1(b) for a polished and thermally etched surface of Sr 3 LaNb 2.9 Ti 0.1 O 12-δ, confirmed the absence of secondary phases. However, Zr was found to have a rather low solid-solution limit.
SrZrO 3 was identified as a second phase in the composition x = 0.1 after firing at 1500
°C for 6 h. The minority phase was not observed for x = 0.03 after sintering for 36 hours at 1500 °C; nevertheless, a vestige of unidentified material of very low intensity was discernible, even after this treatment. The higher solubility of Ti on the Nb is to be expected based on the closer match of ionic radius to the host cation [22 ] .
Electrical conductivity
Dry conditions
The total conductivity of SLN in reducing conditions (10% H 2 :90% N 2 ) was determined from the low-frequency intercept on the Z΄ axis of the Nyquist plots (inset of Fig. 4) , which shows only the resistive contribution ascribable to transport process in the sample. The impedance plots in N 2 , air and O 2 were, instead, dominated by a large, slightly depressed, high-frequency arc, with a poorly resolved lower-frequency response (Fig. 4, main panel) . The "non-ideal" behaviour of the large arc was modelled with a single RQ element. The capacitance was estimated according to
, giving a value of 7.3 pFcm -1 at 650 °C in dry air (Fig. 4, main panel) , typical of a bulk response for samples with ε ~ 10 1-2 [23] . The low-frequency contribution was not readily resolved into grain-boundary and electrode-material interface responses; however, the estimated capacitances are more typical of electrode behaviour, suggesting that the grain-boundary impedance is low. (Fig. 6 ). The equilibrium loss of oxygen at low pO 2 is expressed in Kröger-Vink notation by the reduction reaction
The following mass-action expression
gives n and conductivity proportional to The slope of -1/4 in less reducing conditions is consistent, however, with the
, where A / is an acceptor centre (extrinsic model) [2, 24] . Analogously, the log-log plots of doped and nominally undoped BaTiO 3 are characterised by slopes of -1/4 in reducing conditions, the latter of which has been attributed to small amounts of acceptor impurity on the B site of the perovskite [24] . In the present case, the acceptor centres may also be generated by unavoidable lowervalence impurities on the Nb site. Alternatively, the "self-doping" of the La/Sr (A1) site with a slight excess of Sr would also result in the generation of positive defects as oxygen vacancies. Such off-stoichiometric behaviour would necessarily lead to the exsolution of an equivalent amount of La from the A1 site. Although, no secondary
phase was observed by either of the employed diffraction techniques or by SEM, as discussed in further detail later, 1 H MAS-NMR revealed the possible presence of some surface species which may be attributable to La(OH) 3 that would hardly be detectable with diffraction techniques.
The isothermal study of the pO 2 dependence of conductivity revealed a slightly positive dependence for pO 2 > 10 -3 atm, which is further confirmation of contribution of p-type charge carriers to transport in oxidising conditions. However, the significant electrode contribution in dry oxidising conditions (Fig. 4, main (4)) in the title phase. We note that a similar increase in conductivity in wet with respect to dry oxidising conditions was observed for nominally undoped SLN on preparing with milling steps performed either in an agate mortar or by attrition with ZrO 2 balls, indicating that the acceptor impurities are not introduced via the latter.
Wet conditions
The smooth transition to a higher activation-energy regime with increasing temperature, Fig. 7 , is also characteristic of many oxide proton conductors [9, 25] . This can be understood to result from loss of protonic charge carriers through dehydration at high temperatures due to the exothermicity of the above reaction (eq. (4)), and an increasing contribution of p-type and/or oxide-ion charge carriers of higher activation energy. In accordance with the loss of protonic charge carriers with increasing temperature, there is a decrease in the observed isotope effect for all three samples (inset of Fig. 7) , to close to zero at 900 °C for the undoped and Zr-doped phases. The greater isotope effect exhibited by the Ti-doped sample (x = 0.1) is likely to be attributable to a greater proportion of proton transport in the more heavily doped sample, which is corroborated by the greater difference in conductivity observed between the wet and dry conditions for this phase (Fig. 7) . In turn, the undoped and Zrdoped phases are likely to present a lower contribution of proton transport coupled with a greater contribution of p-type and/or oxide-ionic conductivity, as reflected in the corresponding activation energies in the wet regime: 1.13, 0.96 and 0.93 eV for the nominally undoped SLN, Zr-doped and Ti-doped samples, respectively. We note that these values were calculated in the lower temperature range, 550-700 °C, in which proton transport may be expected to dominate, and before any discernible inflection to a higher energy activation regime takes place. We observed slightly higher activation energies for all three samples in the D 2 O-containing atmosphere (Δ ~ 0.06eV), which is approximate to the difference one may expect between proton and deuteron hopping [26
conducting perovskites (e.g. 0.54 eV for BaCe 0.95 Nd 0.05 O 3-δ [27 26 ]), may also provide evidence that a p-type electronic and/or oxide-ionic contribution to the conductivity is additionally present. Nevertheless, some caution is required in drawing firm conclusions as to the relative contributions of different charge carriers to the conductivity in the wet regime. For example, the E a values for proton conductivity are highly dependent on structure type and can be as high as 2 eV in some close-packed lattices [ ], and it may be the case that protons are less mobile in Sr 3 LaNb 3 O 12 than in state-of-the-art perovskite proton conductors.
In light of the protonic conductivity in wet atmospheres, and significant n-type transport exhibited in reducing atmospheres, possible hydrogen permeation due to ambipolar protonic and electronic diffusion was assessed with both wet and dry 10% H 2 : 90% N 2 exposed to the feed side of a dense Sr 3 LaNb 2.9 Ti 0.1 O 12-δ membrane (thickness, 0.98 mm) at 700 and 850 °C. The adopted experimental procedure was similar to that reported in ref. [28 ] ; Pt was coated on both feed and supply sides prior to measurement. However, in a preliminary examination no hydrogen permeation was detected on stabilising the membrane in these atmospheres for at least 6 hours. It is probable that the level of proton conductivity in the title phases is not sufficient to permit a measurable H 2 flux, or that surface exchange kinetics are very sluggish. 9(a) ). The three broader signals become stronger in intensity relative to the sharper signal when samples are treated at 600ºC in a wet atmosphere (Fig. 9 (b) ). The sharpness of the last signal suggests the presence of monomeric La(OH) 3 species, likely to be residing on the sample surface, and which are not discernible by XRD. As mentioned earlier, the exsolution of a small amount of La as La(OH) 3 is a possibility on considering the ion-site occupancies indicated by the Rietveld refinement. However, any amorphous hydroxide is unlikely to be responsible for the observed proton conductivity since the magnitude of the proton conductivity is directly related to the acceptor-dopant concentration, indicating that the proton transport occurs in the hydrated main phase. The impedance-spectroscopy measurements, in which the bulk response is affected by wet atmospheres, provides supporting evidence of this (Fig. 7) .
Analysis of proton content by NMR
sites in the hexagonal perovskite. The band lying at 1.3 ppm with more basic character is likely to be associated to the O(2) species which has a higher calculated oxygen valence state (Table 3) 
Conclusions
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